Spinobulbar muscular atrophy (SBMA) is an inherited neuromuscular disorder caused by the expansion of a CAG repeat encoding a polyglutamine tract in exon 1 of the androgen receptor (AR) gene. SBMA demonstrates androgen-dependent toxicity due to unfolding and aggregation of the mutant protein. There are currently no disease-modifying therapies, but of increasing interest for therapeutic targeting is autophagy, a highly conserved cellular process mediating protein quality control. We have previously shown that genetic manipulations inhibiting autophagy diminish skeletal muscle atrophy and extend the lifespan of AR113Q knock-in mice. In contrast, manipulations inducing autophagy worsen muscle atrophy, suggesting that chronic, aberrant upregulation of autophagy contributes to pathogenesis. Since the degree to which autophagy is altered in SBMA and the mechanisms responsible for such alterations are incompletely defined, we sought to delineate autophagic status in SBMA using both cellular and mouse models. Here, we confirm that autophagy is induced in cellular and knock-in mouse models of SBMA and show that the transcription factors transcription factor EB (TFEB) and ZKSCAN3 operate in opposing roles to underlie these changes. We demonstrate upregulation of TFEB target genes in skeletal muscle from AR113Q male mice and SBMA patients. Furthermore, we observe a greater response in AR113Q mice to physiological stimulation of autophagy by both nutrient starvation and exercise. Taken together, our results indicate that transcriptional signaling contributes to autophagic dysregulation and provides a mechanistic framework for the pathologic increase of autophagic responsiveness in SBMA.
INTRODUCTION
Spinobulbar muscular atrophy (SBMA), one of the nine neurodegenerative diseases caused by CAG/glutamine tract expansions (1) , is an X-linked, progressive disorder of adult onset primarily affecting lower motor neurons and skeletal muscle. The polyglutamine (polyQ) expansion critical for SBMA pathogenesis occurs in exon 1 of the androgen receptor (AR) gene. The mutant protein acquires a toxic gain of function by undergoing aberrant unfolding, oligomerization and metabolism dependent on binding the cognate ligands, such as testosterone and dihydrotestosterone (2, 3) . These steps are critical for mediating toxicity in target tissues, and the dependence of disease development on androgen underlies the exclusive incidence of SBMA in men (4) . Additionally, the polyQ AR exhibits a partial loss of transactivation function (5, 6) , correlating with features of androgen insensitivity including gynecomastia and reduced fertility in SBMA patients. Despite progress over the past two decades in characterizing key aspects of neuromuscular toxicity and endocrine disruption in SBMA, mechanisms that are essential to pathogenesis remain incompletely understood and available therapies are of limited utility.
As the unfolded mutant protein is the proximal mediator of toxicity in SBMA, pathways that regulate cellular proteostasis have * To whom correspondence should be addressed at: Department of Pathology, University of Michigan Medical School, 3510 MSRB1, 1150 W. Medical Center Dr., Ann Arbor, MI 48109-0605, USA. Tel: +1 734 647 4624; Fax: +1 734 615 3441; Email: liebermn@umich.edu attracted considerable attention. Among these is macroautophagy (hereafter referred to as autophagy), a highly conserved catabolic process in which misfolded or dysfunctional proteins and organelles in the cytoplasm are enveloped in double-membraned structures known as autophagosomes (7) (8) (9) (10) . These autophagosomes are trafficked to and fuse with lysosomes, enabling degradation of their intraluminal contents. Regulation of autophagy is achieved through several processes, including the transcription factor EB (TFEB), which directs the expression of hundreds of autophagy-and lysosomal-related genes as part of the Coordinated Lysosomal Expression and Regulation (CLEAR) network (11) (12) (13) . TFEB is a basic helix-loop-helix, leucine-zipper member of the MITF/TFE family and functions as a master regulator of autophagy and lysosomal biogenesis. Treatments that induce autophagy, including nutrient deprivation and inhibition of mammalian target of rapamycin (mTOR), also promote TFEB activity (11, 12, (14) (15) (16) . Recent data indicate that this activity is antagonized by the transcription factor ZKSCAN3, a zinc-finger protein with Krüppel-associated box (KRAB) and SRE-ZBP/CTfin-51/AQ-1/Number 18 cDNA-homology (SCAN) domains that has been implicated in regulating TFEB target genes as a master repressor of autophagy (17) . Despite evidence suggesting that changes in protein quality control occur in SBMA (18 -21) , the degree to which these regulatory transcription factors are affected in disease is unknown.
While the nuclear-localized polyQ AR is not an autophagic substrate, autophagy is able to degrade the mutant protein upon its sequestration within the cytoplasm (22) . Furthermore, expression of the mutant AR itself is sufficient to induce autophagy in SBMA cell and animal models, although the mechanism underlying this observation has not been explored (18, 19) . Consistent with these findings, we have previously demonstrated that genetic manipulations that modulate autophagy have a significant influence on the phenotype of AR113Q knock-in mice. In these mice, gene targeting was used to exchange much of mouse Ar exon 1 with human sequence while inserting a glutamine tract encoded by 113 CAG repeats; the same strategy was used to generate control AR21Q knock-in mice (23) (24) (25) . While AR21Q males are similar to wild-type littermates, AR113Q males exhibit hormone-dependent weight loss, deficits in muscle strength and early death (24, 26) . AR113Q males deficient for the unfolded protein response effector C/EBP-homologous protein show enhanced autophagy and exacerbated skeletal muscle atrophy (27) . Conversely, genetic inhibition of autophagy through haploinsufficiency for Beclin-1, a component of the autophagic initiation complex, reduces levels of autophagy in AR113Q mice, mitigates skeletal muscle atrophy and prolongs survival (27) . These data indicate that excessive, chronic activation of autophagy is detrimental to SBMA mice.
Here, we further explore the notion that autophagy is aberrantly activated in SBMA, and that autophagic dysregulation underlies deleterious contributions to disease pathogenesis. We test this hypothesis by analyzing aspects of autophagic induction, flux and regulation in both cellular and animal models of SBMA. We confirm that autophagy is induced in the context of the polyQ-expanded AR both in vitro and in vivo, implicate TFEB in mediating increased expression of autophagy-related genes in SBMA mice and patient tissue as well as establish that nutrient deprivation and exercise act as physiological stimuli to potently induce autophagy in SBMA mice. These results demonstrate the mechanism underlying aberrant upregulation of autophagy in SBMA and provide discrete targets in the autophagic pathway for further investigation and therapeutic design.
RESULTS

The polyQ AR promotes autophagy
To investigate autophagy in SBMA, we initially studied PC12 cells that stably express tetracycline-inducible full-length human AR with 10 or 112 glutamines (28) . We observed higher basal levels of the autophagosome marker LC3-II in cells expressing AR112Q (Fig. 1A) . Serum starvation promoted robust conversion of LC3-I to LC3-II in both cell lines, but this process was significantly more pronounced in AR112Q cells (Fig. 1A) . To determine whether these elevated LC3-II levels resulted from enhanced activation of autophagy or impaired flux, we examined levels of the autophagic substrate p62 and assessed levels of LC3-II with and without lysosomal inhibition. Both of these are standard assays for evaluating autophagic flux (29) . AR112Q cells demonstrated significant clearance of p62 in response to serum starvation (Fig. 1A) . Furthermore, treatment with the lysosomal protease inhibitors E64d and pepstatin A led to similarly enhanced accumulation of LC3-II in both AR10Q and AR112Q cells (Fig. 1B) . These results indicate that autophagic markers accumulate to a greater extent with AR112Q expression primarily due to upregulation of autophagy rather than compromised autophagic flux.
We then sought to define which signaling mechanisms were responsible for the increased activation of autophagy in SBMA. To do this, we first probed the mTOR pathway since this serine/ threonine kinase serves as a principal regulator of autophagy (30) (31) (32) . We found that phosphorylation of mTOR was decreased in both cell lines following serum starvation, but this reduction was significantly greater in AR112Q cells (Fig. 1C) . Similarly, phosphorylation of p70 S6 kinase, a downstream effector of the mTOR pathway and other kinases, was lower in AR112Q cells at baseline (Fig. 1C) . Serum starvation eliminated detectable phosphorylation of p70 S6 kinase and decreased phosphorylation of its substrate, the ribosomal protein S6, particularly in AR112Q cells (Fig. 1C) . Similarly, phosphorylation of the mTOR target 4E-BP1 was diminished in both cell lines following serum starvation (Fig. 1C) . Lower mTOR activity and phosphorylation are consistent with disinhibition of autophagy, since mTOR negatively regulates autophagic induction (30) (31) (32) . In contrast, phosphorylation of extracellular-regulated kinases ERK1/2, which comprise another set of autophagy regulators that can function independently of mTOR (33) (34) (35) (36) (37) , was unchanged regardless of serum supplementation (Fig. 1C) , indicating that autophagy was selectively upregulated by serum deprivation due to inhibition of the mTOR pathway, and that this effect was accentuated in AR112Q cells.
Transcription factors that regulate autophagy partition in a glutamine length-dependent manner Recent studies have shown that TFEB controls the expression of autophagy-related genes, and that its activity and nuclear localization are negatively regulated by mTOR (14) (15) (16) . Additionally, the zinc-finger protein, ZKSCAN3, has been Human Molecular Genetics, 2014, Vol. 23, No. 5 1377 characterized as a transcriptional antagonist to autophagy, functioning oppositely and in concert with TFEB (17) . Given our observations of increased autophagy and enhanced responsiveness of mTOR activity in the context of AR112Q, we postulated that TFEB and ZKSCAN3 act as major determinants of autophagic upregulation in SBMA. To test this hypothesis, we prepared nuclear lysates of PC12 cells subjected to serum starvation and determined the relative localization of each transcription factor. Consistent with our findings of increased autophagic induction and reduced mTOR activity in AR112Q cells, we found that the transcriptional activator TFEB displayed significantly greater nuclear localization upon serum starvation, whereas the repressor ZKSCAN3 exhibited diminished nuclear localization even under fed conditions ( Fig. 2A) . Similarly, immunofluorescence demonstrated nuclear localization of TFEB in AR10Q cells with concomitant cytoplasmic translocation of ZKSCAN3 only after starvation. In contrast, nuclear TFEB and cytoplasmic ZKSCAN3 were detected in AR112Q cells even when serum supplemented (Fig. 2B ). Following serum deprivation, we observed TFEB sequestration into AR112Q nuclear aggregates that occurred in a subset of cells (Fig. 2C ). Taken together, our results suggest that autophagy is primed for activation with depressed mTOR activity in the presence of AR112Q, and that enhanced autophagic induction in SBMA corresponds to relocalization of the transcriptional regulators TFEB and ZKSCAN3. Lysates were analyzed for AR, LC3 and p62. Quantification of three independent experiments shown at right. Data are mean + SEM. * P , 0.05, * * * P , 0.001. (B) AR polyQ length does not affect autophagic flux. AR10Q and AR112Q cells were treated as in (A), with the final 4 h consisting of treatment with serum or serum starvation with or without E64d (10 mg/ml) and pepstatin A (10 mg/ml). Representative western blot is shown at top. Autophagic flux from three independent experiments was determined by quantifying normalized LC3-II band intensities and subtracting the difference of fed E64d/pepstatin A-treated and untreated cells from that of starved E64d/pepstatin A-treated and untreated cells (bottom). Data are mean + SEM. n.s., not significant. (C) Expanded polyQ tract negatively correlates with mTOR pathway activity. Cells were treated as in (A) and lysates were analyzed for levels of phospho-and total mTOR, phosho-and total p70 S6 K, phospho-and total S6, phospho-and total 4E-BP1 as well as phosoph-and total ERK1/2. Quantifications of three independent experiments are shown at right. Data are mean + SEM. * * P , 0.01, * * * P , 0.001 and * * * * P , 0.0001. Figure 2 . Transcription factors that regulate autophagy display glutamine length-dependent changes in intracellular localization. (A) AR112Q cells demonstrate increased TFEB nuclear localization and decreased ZKSCAN3 nuclear localization. Nuclear lysates were prepared from AR10Q and AR112Q cells after induction of AR expression for 48 h in the presence of 10 nM R1881, the final 4 h of which consisted of serum supplementation or deprivation. Lysates were analyzed for TFEB and ZKSCAN3, and quantifications from three independent experiments are shown at right. Data are mean + SEM. * P , 0.05 and * * P , 0.01. (B) AR10Q and AR112Q cells were treated as in (A) and stained with antibodies against TFEB (left panels) and ZKSCAN3 (right panels). Nuclei were stained with 4 ′ ,6-diamidino-2-phenylindole (DAPI). Scale bar, 2 mm. (C). AR10Q and AR112Q cells were induced to express AR for 48 h in the presence of 10 nM R1881, the final 4 h of which consisted of serum deprivation. Cells were stained for AR (green) and Tfeb (red). Nuclei were stained with DAPI. Scale bar, 2 mm.
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polyQ AR increases autophagy in vivo
To corroborate the autophagic changes we observed in PC12 cells, we probed markers of autophagy in AR21Q and AR113Q knock-in male mice. Consistent with our previous observations, we found significantly higher LC3-I to LC3-II conversion in skeletal muscle and spinal cord in AR113Q males, and observed that this difference became more pronounced in muscle when autophagy was induced by starvation (Fig. 3A) . Additionally, total ubiquitinated proteins and p62 from the insoluble fraction were also increased in AR113Q muscle (Fig. 3A) . Autophagic puncta accumulated in skeletal muscle after starvation in AR21Q and AR113Q males, which we detected by co-expressing a GFP -LC3 transgene (38) in both knock-in lines. This accumulation of autophagic puncta occurred to a greater extent in starved AR113Q mice, in line with our biochemical data (Fig. 1B) . To confirm that autophagic flux was intact in both knock-in lines, we inhibited autophagosome to lysosome fusion in vivo by administering colchicine (39) . Starved, colchicine-treated mice of both genotypes showed similarly enhanced accumulation of LC3-II (Fig. 1C) . We conclude that autophagic induction is increased in AR113Q knock-in males without accompanying loss of autophagic flux.
AR113Q promotes TFEB activity in vivo
To test whether TFEB activity is increased in AR113Q mice, we prepared nuclear lysates of skeletal muscle from each knock-in line and assessed TFEB localization. We found that, as occurs in tetracycline-regulated PC12 cells, the mouse ortholog TCFEB displays greater nuclear localization in AR113Q compared with AR21Q male mice (Fig. 4A ). To determine whether enhanced nuclear localization correlated with upregulation of autophagy-related genes, we assayed the expression profile of a select set of previously identified TFEB target genes (11) (12) (13) . Real-time quantitative reverse transcription PCR (RT-PCR) confirmed that autophagy-related genes containing TFEB-binding sites in their promoter regions demonstrated increased expression levels in AR113Q mice, and that this difference was more pronounced for many genes after starvation (Fig. 4B) . Similarly, we found that several TFEB target genes were also expressed at higher levels in skeletal muscle biopsies from SBMA patients than controls (Fig. 4C ). These glutamine length-and starvation-dependent transcriptional changes in AR113Q mice were not observed in target genes of FOXO3a (Fig. 4D) , another important regulator of autophagy in skeletal muscle (40, 41) . Taken together, these data indicate that SBMA results in increased activity specific to TFEB and, consequently, enhanced expression of autophagy-related genes.
Expanded polyQ AR enhances autophagic response to exercise
Finally, we sought to explore whether enhanced TFEB activity and increased expression of lysosomal and autophagy-related genes lead to an augemented autophagic response following an acute, physiologically relevant stimulus. Recently, He et al. established exercise as a potent inducer of autophagy in vivo (42) . To corroborate the effect of exercise in AR knock-in mice, we ran AR21Q/GFP-LC3 and AR113Q/GFP -LC3 male mice on a treadmill and evaluated the formation of GFP-positive autophagic puncta in quadriceps muscle. After 80 min of exercise, both knock-in lines demonstrated accumulation of autophagic puncta akin to induction by starvation (Fig. 5A) . We then asked if each AR line responded equivalently to autophagic induction by exercise. To accomplish this, we followed markers of autophagy biochemically and found that exercise stimulated a higher degree of GFP-LC3-II accumulation in AR21Q muscle (Fig. 5B) . We hypothesized that this difference reflected enhanced clearance of autophagic substrates in AR113Q males after acute stimulation of autophagy. We tested this notion by evaluating levels of p62 and free GFP as indicators of autophagic flux. Free GFP is produced after GFP-LC3-II is delivered to lysosomes, and the LC3-II portion of the fusion protein is degraded (43) (44) (45) . Western analysis of these autophagic markers after exercise revealed similar degradation of endogenous p62 in both knock-in lines, but a striking absence of free GFP in AR113Q mice; in contrast, free GFP robustly accumulated in skeletal muscle of exercised AR21Q mice (Fig. 5B ). Our analysis suggests rapid clearance of the GFP-LC3 fusion protein in AR113Q males. We conclude that exercise promotes autophagy in both knock-in lines. The enhanced clearance of GFP -LC3 supports greater autophagic flux in skeletal muscle of AR113Q males, indicative of enhanced responsiveness to physiologic stimuli in these mice.
DISCUSSION
Autophagy is a conserved catabolic process and an essential regulator of cellular proteostasis. Although enhancement of autophagy has attracted considerable attention as a means to remove cytoplamsic protein aggregates responsible for neurodegenerative diseases and thereby provide therapeutic benefit (46), the manner in which manipulation of the autophagic pathway affects SBMA is controversial. Previous work establishes that the principal site of toxic action for the expanded polyQ AR is the nucleus, and nuclear localization of the mutant protein is both essential for pathogenesis and prevents its efficient degradation by autophagy (22) . Rather, clearance of nuclear-localized polyQ AR is primarily regulated by chaperone-dependent ubiquitination and proteasomal degradation (47, 48) . However, alternative evidence demonstrates a role for autophagic degradation of the polyQ AR in cell culture models that exogenously express the mutant protein (18, 49) . Interestingly, enhanced expression of the LC3-and ubiquitin-binding protein p62 ameliorates the disease phenotype of SBMA transgenic mice, in part by sequestering the polyQ AR into intranuclear aggregates (49) . While these latter studies suggest that autophagy may contribute to clearance of the polyQ AR in some model systems, these beneficial effects in vivo may be relatively small compared with detrimental consequenes of chronically enhanced autophagy in tissues, such as skeletal muscle, that are affected by SBMA. Supporting the notion that chronically enhanced autophagy contributes to the pathogenesis of SBMA, we previously demonstrated that levels of autophagy directly correlate with skeletal muscle atrophy in AR113Q knock-in mice (27) . Here, we elaborate on these findings and demonstrate that the induction of autophagy by the polyQ AR is associated with a concomitant attenuation of the mTOR pathway. We show that this is associated
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Human Molecular Genetics, 2014, Vol. 23, No. 5 Tissue lysates of quadriceps muscle and lumbar spinal cord were prepared from AR21Q and AR113Q knock-in male mice before and after starvation. Lysates were analyzed for LC3, p62 and total ubiquitin. Quantification (n ¼ 3 mice per group) for relative LC3-II is shown at right. Data are mean + SEM. * P , 0.05 and * * P , 0.01. (B) GFP-positive autophagic puncta accumulate after starvation. AR21Q and AR113Q mice expressing GFP-LC3 were fed or starved for 48 h, quadriceps muscle harvested and sections stained for GFP. Nuclei were stained with DAPI. Scale bar, 10 mm. Quantification from three independent experiments are shown at bottom. Data are mean + SEM.
* P , 0.05 by ANOVA, compared with unstarved AR21Q mice. (C) Autophagic flux is intact in AR113Q mice. AR21Q and AR113Q knock-in mice were starved for 48 h and received once daily IP injections of either normal saline or 0.4 mg/kg colchicine. Lysates of quadriceps muscle were collected and analyzed for LC3. Quantification of autophagic flux (mean + SEM) from three independent cohorts of mice (bottom panel) was determined by subtracting the level of LC3-II in colchicine-treated mice from that of LC3-II in saline-injected mice. Data are mean + SEM. n.s., not significant.
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with activation of TFEB, a master regulator of autophagy and lysosomal biogenesis. Skeletal muscle from AR113Q mice and SBMA patients demonstrate increased expression of TFEB target genes. Corresponding changes in autophagy are further revealed in enhanced responsiveness to physiological stimuli. AR113Q mice show an augmented response not only to the mTOR-regulated stimulus of chronic starvation, leading to a saturating rise in autophagic markers, but also to the BCL-2-regulated stimulus of acute exercise, leading to marked autophagic degradation of protein substrates (42, 50) . Our studies characterize a striking instance of neurodegenerative disease in which regulated control of autophagy is compromised, and we postulate that these changes effect deleterious contributions to pathogenesis including muscle atrophy. Mechanisms of proteostasis are essential mediators of muscle integrity, and balancing the degradative and protective roles of protein quality control in muscle is pivotal for muscle maintenance and appropriately responding to nutrient deprivation, mechanical stress and disuse atrophy. The ubiqitin-proteasome system (UPS) serves a critical role in muscle protein catabolism, and enhanced or aberrant UPS activity is responsible for physiologic and pathologic forms of atrophy (51) . However, it is unlikely that the UPS acts as the primary mediator of muscle wasting in SBMA, since the muscle-specific ubiquitin E3 ligases atrogin-1/ MAFbx and MuRF1 that mediate muscle atrophy are not upregulated in AR113Q or AR97Q mice (27, (52) (53) (54) . In contrast, several groups have demonstrated that dysregulated autophagy is sufficient to promote atrophy in muscle. Loss of Runx1 models disuse and deneveration changes in skeletal muscle and causes atrophy through disinhibited autophagy (55) . Similarly, denervation-and fasting-induced atrophy have been shown to occur through FOXO3-mediated induction of autophagy (40, 41) . Furthermore, increased autophagy is instrumental in mediating or enhancing myopathy in neuromuscular disorders (56) (57) (58) . Our findings here are consistent with genetic and pharmacologic manipulations of isulin-like growth factor 1 that mitigate SBMA in a muscle-specific manner, since these ameliorative effects are dependent on enhanced activation of the 
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Human (54, 59, 60) . It will be important for future studies to weigh the therapeutic potential of chronically inducing autophagy to address proteinopathies against our observation of detrimentally elevated autophagy in SBMA.
We have delineated specific alterations in the autophagic pathway occuring in SBMA and particular effectors associated with these changes. It is likely that these alterations constitute a compensatory mechanism in response to pathogenic insults introduced by the polyQ AR. Although elucidating the involvement of TFEB and its regulatory pathways will be valuable for therapeutic targeting, the mechanism directly linking the mutant AR to changes in mTOR and TFEB remains to be defined. In addition, our identification of an enhanced autophagic response to exercise has important implications for determining the usefulness of exercise therapy in SBMA, not only in current (trial number 11-N-0171; NCT01369901) and future clinical trials of exercise, but also in accounting for the equivocal benefits of exercise seen thus far in patients (61, 62) . We note that that exercise has broad effects beyond activation of autophagy. Additionally, benefits of short-term induction of autophagy have been observed in motor neuron cell models of SBMA (22) , raising the possibility that responses are dependent on cell type or induction duration. As such, it is possible that skeletal muscle and motor neurons exhibit differential responses to autophagic stimuli in vivo, and that beneficial effects of chronically increased autophagy could predominate in cell types other than skeletal muscle. Overall, our results broaden understanding of the contribution of autophagy to pathogenesis in SBMA, and these insights may further refine therapeutic strategies to confront the burden of neuromuscular disease.
MATERIALS AND METHODS
Materials
Lysosomal protease inhibitors E64d and pepstatin A, normal saline tablets and colchicine were from Sigma. For the preparation of nuclear lysates from mouse tissue, the following buffers were used: NB1 (10 mm Tris pH 8.0, 10 mm NaCl, 3 mM MgCl 2 , 0.5 mM dithiothreitol (DTT), 0.1% Triton X-100 and 0.1 M sucrose), NB2 (10 mM Tris pH 8.0, 10 mM NaCl, 3 mM MgCl 2 , 0.5 mM DTT, 0.1% Triton X-100 and 0.25 M sucrose), NB3 (10 mM Tris pH 8.0, 5 mM MgCl 2 , 0.5 mM DTT and 0.33 M sucrose), EB (25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.8, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT and 25% glycerol) and Z (25 mM HEPES pH 7.8, 12.5 mM MgCl 2 , 1 mM DTT, 0.1 M KCl, 0.1% NP40 and 20% glycerol). Antibodies against indicated proteins and their respective vendors were as follows: AR (N-20) was from Santa Cruz; GAPDH (6C5) was from Abcam; GFP (A11122) was from Invitrogen; LC3 (NB600-1384) and p62 (2C11) were from Novus Biologicals; Lamin A (MAB3540), phospho-mTOR (09-213), phospho-ERK1/2 (12D4), total ERK1/2 (06-182) and total p70 S6K (07-402) were from Millipore; phospho-p70 S6K (9204), total mTOR (2972), S6 (2217), phospho-S6 (Ser235/236) (2211), 4E-BP1 (53H11) and phospho-4E-BP1 (Thr37/46) (2855) were from Cell Signaling; Tfeb (MBS120432) was from MyBioSource; ZKSCAN3 (AV33609) was from Sigma. Horseradish peroxidase-tagged secondary antibodies were from Bio-Rad. Alexa Fluor 488-and 594-conjugated secondary antibodies were from Invitrogen.
Cell culture
PC12 cells stably transfected with tetracycline-inducible forms of AR were described previously (28) . AR expression was induced with 500 ng/ml of doxycycline (Clontech) in the presence of 10 nM R1881. Cells were maintained in phenol red-free Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 15% charcoal-stripped horse serum (Invitrogen), 10% charcoal-stripped fetal bovine serum (Thermo Scientific), 100 units/ml of penicillin/streptomycin (Invitrogen), 200 mg/ml of hygromycin B (Invitrogen) and 100 mg/ml of G418 (Invitrogen) in 15% CO 2 at 378C. Serum starvation was performed in Hank's Balanced Salt Solution (HBSS, Invitrogen) supplemented with doxycycline and R1881 for 4 h. To analyze autophagic flux, PC12 cells were induced to express AR for 44 h then fed or starved in HBSS with E64d/pepstatin A (10 mg/ml each) or DMSO vehicle for 4 h. Autophagic flux Figure 5 . Expanded polyQ AR enhances autophagic response to exercise. (A) Exercise induces autophagy in AR knock-in mice. AR21Q and AR113Q mice expressing GFP-LC3 were rested or subjected to 80 min of exercise. Quadriceps muscles were collected and stained for GFP. Nuclei were stained with DAPI. Scale bar, 10 mm. (B) AR113Q accentuates degradation of autophagic substrates in response to exercise. Mice were exercised for 80 min, and lysates of quadriceps muscle were collected and analyzed for GFP-LC3, free GFP and p62. Quantification from three independent experiments are shown at right. Data are mean + SEM.
* P , 0.05 and * * P , 0.01.
was then determined by subtracting the difference of LC3-II levels in serum-starved cells with and without E64d/pepstatin A treatment from that of LC3-II levels in serum-supplemented cells with and without E64d/pepstatin A.
Mouse studies
Generation of knock-in mice with targeted AR allele containing 21 or 113 CAG repeats has been previously described (23, 24) . GFP-LC3 transgenic mice were kindly provided by Jun-Lin Guan (University of Michigan) and have been described previously (38) . Mice were group housed-in an SPF facility and provided with food and water ad libitum. Genotypes were confirmed by the polymerase chain reaction (PCR) of tail biopsy-derived DNA. AR knock-in mice were genotyped with forward primer 5
′ -CCAG AATCTGTTCCAGAGCGTG-3 ′ and reverse primers 5 ′ -TGTTC CCCTGGACTCAGATG-3 ′ and 5 ′ -GCACTCCAGGGCCGAC TGCG-3 ′ in a 2 : 2 : 1 ratio, respectively. GFP-LC3 mice were genotyped with forward primer 5
′ -TCCTGCTGGAGTTCGTG ACCG-3 ′ and reverse primer 5 ′ -TTGCGAATTCTCAGCCGT CTTCATCTCTCTCGC-3
′ to detect the GFP-LC3 transgene and in a separate reaction with forward primer 5
′ -TGAGCGAGC TCATCAAGATAATCAGGT-3 ′ and reverse primer 5 ′ -GTTA GCATTGAGCTGCAAGCGCCGTCT-3
′ to detect the endogenous LC3 allele.
Skeletal muscle and spinal cord were collected from adult male knock-in mice 13-15 weeks old and flash frozen for biochemical analysis or mounted in OCT for cryosectioning. For morphologic analysis of autophagy in skeletal muscle, AR knock-in mice were crossed with GFP -LC3 mice to generate bigenic 21Q/GFP -LC3 and 113Q/GFP -LC3 mice. To induce autophagy, mice were starved for 48 h and provided with water ad libitum. To analyze autophagic flux, mice were starved for 48 h and treated with intraperitoneal injections of normal saline or colchicine (0.4 mg/kg/day). Autophagic flux was then determined by subtracting the level of LC3-II in salinetreated mice from that of LC3-II in colchicine-treated mice.
For exercise studies, a treadmill protocol was implemented as previously described (42) . Mice were trained on an Exer3/6 treadmill (Columbus Instruments) for 2 days. On day 1, mice were run at 8 m/min for 5 min, and on day 2, those were run at 8 m/min for 5 min then 10 m/min for 5 min. After training, mice were run on day 3 for 40 min at 10 m/min, then for 30 min with increasing speed 1 m/min every 10 min, and finally for 10 min with increasing speed 1 m/min every 5 min for a total of 80 min of exercise. Mice were then immediately sacrificed and perfused with 4% paraformaldehyde and proximal hind limb muscles were collected. The University of Michigan Committee on Use and Care of Animals approved all procedures involving mice in compliance with the NIH Guidelines for the Care and Use of Experimental Animals.
Gene expression analysis
Total RNA was extracted from proximal hind limb muscle from AR knock-in mice after the indicated treatments in triplicate with Trizol (Sigma). Reverse transcription was performed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to the manufacturer's protocol. Total RNA was similarly prepared from anonymized skeletal muscle biopsies from SBMA patients and controls as previously described (27) . Quantitative PCR was performed with FastStart TaqMan Probe Master/Rox Master Mix (Roche) on a 7500 Real-Time PCR SDS System with the supplied software (Applied Biosystems) using gene-specific primers with carboxyfluorescein-labeled probes purchased from Applied Biosystems (Human: LAMP1, Hs00174766_m1; MAP1LC3, Hs01076567_g1; VPS11, Hs00222240_m1; VPS18, Hs003635 85_m1. Mouse: bnip3, Mm01275601_g1; Fbxo32, Mm00499 518_m1; Lamp1, Mm00495262_m1; Map1lc3, Mm007828 68_sH; Sqstm1, Mm00448091_m1; Tcfeb, Mm00448968_m1; Trim63, Mm00185221_m1; Vps11, Mm01168594_m1; Vps18, Mm00552119_m1). Relative expression levels were calculated by comparing with the expression of 18S rRNA.
Analysis of protein expression
Cells were washed and collected in phosphate-buffered saline (PBS), then harvested and lysed in Radio Immunoprecipitation Assay (RIPA) buffer supplemented with phosphatase and protease inhibitors. Lysates were clarified at 15 000g for 15 min at 48C. Nuclear and cytoplasmic lysates were prepared with the NE-PER Extraction Kit (Thermo Scientific) according to the manufacturer's instructions. For tissue analyses, proximal hind limb muscle and lumbar spinal cord from AR knock-in mice were minced, lysed and homogenized in RIPA buffer containing phosphatase and protease inhibitors. Lysates were clarified at 13 000g for 10 min at 48C.
Nuclear lysates from proximal hind limb muscle were prepared as follows. Frozen tissue was pulverized, lysed in NB1 buffer, homogenized with a type A dounce homogenizer, mixed with NB2 buffer, layered underneath with NB3 buffer and nuclei were pelleted through the sucrose step gradient. After discarding the supernatant, nuclei were resuspended in EB buffer, homogenized with a type B dounce homogenizer and rotated for 30 min at 48C. After pelleting the nuclear debris, the supernatant containing nuclear proteins was dialyzed overnight in Z buffer. Protein concentration for all lysates was determined by protein assay (Bio-Rad), and normalized protein samples were resolved in 10 or 15% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis gels after boiling at 1008C for 5 min in 6× SDS sample buffer. Proteins were then transferred onto nitrocellulose membranes in a semi-dry transfer apparatus (Bio-Rad). Proteins of interest were probed by indicated antibodies and detected by chemiluminescence. Densitometry measurements of protein bands were performed in ImageMeter (Flashscript).
Immunofluorescence
After induction of AR expression and serum starvation, PC12 cells were washed in PBS and fixed in 4% paraformaldehyde. Proximal hind limb muscles were collected for cryosectioning from mice after the indicated treatments and perfused with 4% paraformaldehyde. After perfusion, muscles were further fixed in 4% paraformaldehyde overnight, 15% sucrose for 4 h, 30% sucrose overnight, then flash frozen in liquid nitrogen and mounted in cryosection blocks with OCT Compound (TissueTek). Sections were then cut at 10 mm using a Cryocut 1800 cryostat (Leica). Cells and muscle sections were stained with
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Human Molecular Genetics, 2014, Vol. 23, No. 5 indicated antibodies and mounted with Vectashield medium with 4 ′ ,6-diamidino-2-phenylindole (Vector Labs). Fluorescence images were taken with a Zeiss Axio Imager microscope. GFP -LC3 puncta were quantified in ImageJ (NIH) using a GFP -LC3 quantification macro designed by Dagda and Chu (63, 64) .
Statistics
Statistical significance was determined by analysis of variance (ANOVA) with the Newman -Keuls multiple comparison test or unpaired two-tailed Student's t-test using Prism 6 (GraphPad). Differences were considered significant when P-values were ,0.05.
